Apoptosis plays an essential role during brain development, yet the precise mechanism by which this pathway is regulated in the brain remains unknown. In particular, mammalian cells are known to express multiple anti-apoptotic Bcl-2 family proteins. However, the cells of the developing brain could also exist in a primed state in which the loss of a single anti-apoptotic Bcl-2 family protein is sufficient to trigger apoptosis. Here, we examined the critical role of Bcl-xL, an anti-apoptotic protein, during brain development. Using conditional knock-out mice in which Bcl-xL is deleted in neural progenitor cells (Bcl-xL Emx1-Cre ), we show that the loss of Bcl-xL is not sufficient to trigger apoptosis in these proliferating progenitors. In contrast, specific populations of postmitotic neurons derived from these progenitors, including upper layer cortical neurons and the CA1-CA3 regions of the hippocampus, were acutely dependent on Bcl-xL. Consistent with this finding, deletion of Bcl-xL selectively in the postmitotic neurons in the brain (Bcl-xL Nex-Cre ) also resulted in similar patterns of apoptosis. This Bcl-xL deficiency-induced neuronal death was a consequence of activation of the apoptotic pathway, because the cell death was rescued with codeletion of the proapoptotic proteins Bax and Bak. Importantly, the loss of these Bcl-xL-dependent neurons led to severe neurobehavioral abnormalities, including deficits in motor learning, hyperactivity, and increased risk-taking and self-injurious behaviors. Together, our results identify a population of neurons in the developing brain that are acutely dependent on Bcl-xL during the peak period of synaptic connectivity that are important for the establishment of higher-order complex behaviors.
Introduction
Regulation of apoptosis is critical for proper embryonic and early postnatal brain development (Raff et al., 1993) . The apoptotic pathway in the peripheral nervous system (PNS) is well known to be regulated by target-derived trophic factors that maintain the survival of neurons that are properly innervated at their distal targets (Oppenheim 1991) . In contrast, although neurons in the CNS are known to undergo apoptosis during development Cecconi et al., 1998; , exactly how apoptosis is regulated in the developing CNS remains unclear. For example, in contrast to PNS neurons, neurons in the developing CNS do not rely on a single trophic factor for their survival (Dekkers et al., 2013) . However, increasing evidence indicates that CNS neurons rely more on neuronal activity and proper wiring of synaptic connections to maintain their survival (Dekkers and Barde 2013).
The key regulators of apoptosis are the Bcl-2 family proteins, which contain multiple proapoptotic (e.g., Bax, Bak) and antiapoptotic (e.g., proteins (Youle and Strasser 2008; Chipuk et al., 2010) . Although these proapoptotic or anti-apoptotic proteins are generally thought to have redundant functions, the emerging data points to a level of functional specificity for individual proteins that had not been appreciated previously. For example, deletion of Bax alone is sufficient to inhibit apoptosis in postmitotic neurons (Deckwerth et al., 1996; Besirli et al., 2003) . In addition, although loss of Mcl-1 results in peri-implantation embryonic lethality (Rinkenberger et al., 2000) , Bcl-xL Ϫ/Ϫ global knockouts survive longer but are still embryonic lethal, with most knock-outs dying at embryonic day 13.5 (E13.5; Motoyama et al., 1995) . The cause of death in Bcl-xL-deficient mice is postulated to be the extensive cell death that occurs in the liver hematopoietic cells, subsequently leading to anemia in these animals; however, another major organ system affected by loss of Bcl-xL is the brain (Motoyama et al., 1995; .
Bcl-xL is known to be expressed in both the embryonic and adult brain (Gonzalez-Garcia et al., 1994 . Telencephalic neurons deficient in Bcl-xL are more sensitive to apoptosis both in vivo and in vitro (Motoyama et al., 1995; . Moreover, in recent years, there has been increasing attention on the role of Bcl-xL in regulating processes beyond neuronal apoptosis, including neurite outgrowth (Kretz et al., 2004; Park et al., 2015) , synaptic plasticity Li et al., 2008 Li et al., , 2013 , and mitochondrial bioenergetics (Vander Heiden et al., 2001; Chen et al., 2011) . Although there has been focus on both the apoptotic and non-apoptotic roles of Bcl-xL in the nervous system, a systematic examination of the consequence of Bcl-xL deficiency in the brain has not been conducted to date.
Here, we generated conditional knock-out mice in which Bcl-xL is specifically deleted in the neural progenitor cells (NPCs) of the telencephalon and in the postmitotic cells of the brain. We show that, although loss of Bcl-xL appears to be dispensable for the survival of NPCs, specific populations of postmitotic neurons in the brain critically rely on Bcl-xL for their survival and function. The brains of Bcl-xL-deficient mice displayed severe microcephaly as a result of increased apoptotic cell death in the neurons of the cortex and hippocampus during the early postnatal stages, a phenomenon that is rescued with deletion of Bax and Bak. In vivo imaging for visually evoked neural activity in mice deleted for Bcl-xL revealed an abnormally small retinotopic map in the visual cortex that surprisingly remained topographically intact and functional. Importantly, Bcl-xL deficiency led to severe consequences in the animal, including deficits in motor learning, self-injurious behavior, overt hyperactivity, and increased risk-taking behavior. Together, these results point to the critical role of Bcl-xL in the survival of specific postmitotic neurons in the developing mammalian brain, the loss of which results in neurobehavioral deficits.
Materials and Methods

Mice
Bcl-xL loxP/loxP mice were generously provided by Dr. You-Wen He (Duke University, Durham, NC). To induce conditional deletion of Bcl-xL, Bcl-xL loxP/loxP mice were crossed with two different Cre lines, Emx1-Cre and Nex-Cre. Emx1-Cre and tdTomato mice were a kind gift from Dr. William Snider [University of North Carolina (UNC), Chapel Hill, NC] and Dr. Timothy Gershon, respectively (UNC-Chapel Hill). All other mice were obtained from The Jackson Laboratory. Mice were maintained in a 12 h light/dark cycle (lights on at 7:00 A.M., lights off at 7:00 P.M.). All animal handling and protocols were performed in accordance with established practices as described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and as approved by the Institutional Animal Care and Use Committee at UNC-Chapel Hill.
Surgeries
For intrinsic signal optical imaging, a craniotomy was performed on a total of six mice aged P29 -P34 (n ϭ 3 wild-type mice, n ϭ 3 Bcl-xL Emx1-Cre mice). Mice were anesthetized with isoflurane (5% for induction, 1-2% for surgery, 0.5% for imaging) augmented with chlorprothixene (2.5 mg/kg, i.p.). The skull overlaying the right visual cortex was exposed, and a custom head-fixing imaging chamber with a 5-mm-diameter opening was mounted and secured with cyanoacrylate glue (Oasis Medical) and dental acrylic (Lang Dental). A 4-mm-diameter craniotomy was made within the chamber to expose the visual cortex for imaging. The imaging chamber was then filled with a saline solution containing the following (in mM): 150 NaCl, 2.5 KCl, 10 HEPES, 2 CaCl 2 , and 1 MgCl 2 . Physically activated heat packs (SpaceGel; Braintree Scientific) and a feedback-controlled electric heat pad system (custom-built; 37°C) were used for maintaining body temperature during surgery and imaging, respectively.
Intrinsic signal optical imaging
Custom instrumentation adapted from previous reports (Kalatsky and Stryker 2003; Smith and Trachtenberg, 2007) was used. Briefly, two F-mount lenses were used to form a tandem lens macroscope (respective focal lengths of 135 and 50 mm; Nikon) that was connected to a DALSA 1M30 CCD camera (Teledyne DALSA), providing a 4.6 ϫ 4.6 mm field of view. The pial vasculature illuminated (Asahi Spectra low-noise halogen source) with green light (550 Ϯ 50 nm; Edmund Optics) and imaged through a green emission filter (560 Ϯ 5 nm) served as a landmark for depth. From the vasculature, the imaging was focused 600 m deep into the neocortex in which hemodynamic intrinsic signals were imaged with red light (700 Ϯ 38 nm; Chroma Technology). Reflected light was then captured through a second red filter (700 Ϯ 5 nm; Edmund Optics) at 30 frames/s with custom image acquisition software (code kindly provided by D. Ferster, Northwestern University, Evanston, IL; with adaptations by J. Stirman, UNC-Chapel Hill). Fourier analysis was performed on each pixel column to measure the magnitude and phase of stimulus-evoked signals at the frequency of the periodic visual stimuli (0.125 Hz). Area and vertical and horizontal diameters of the entire primary visual cortex (V1) and a portion of the V1 representing 50°visual space were measured using NIH ImageJ software (Schindelin et al., 2012) .
Visual stimuli
Head-fixed mice were positioned 20 cm from an LCD monitor (60 ϫ 34 cm) that was tilted 17.5°from vertical toward the mouse. The nose of the animal was pointed to the right edge of the monitor such that the stimulus covered 110°ϫ 75°of visual space and was viewed by the contralateral eye. A 3°thick drifting white bar sweeping across the monitor once every 8 s on a black background (horizontal or vertical) was used for retinotopic mapping, and a vertical grating patch (50°d iameter displayed at the center of the monitor, 2 cycles/s, 0.04 cycle/°) drifting for the last 2 s of an 8 s period was used to measure basic cortical representation of a 50°visual space. The periodic motion cycle for both of these stimuli was at 0.125 Hz and repeated 50 cycles.
The stimulus movies were produced and presented using MATLAB (Pelli 1997) and the Psychophysics Toolbox (Brainard 1997) and were corrected for three-dimensional distortion because of the flatness of the monitor using a custom MATLAB code (code is available online; http://labrigger.com/blog/2012/03/06/mouse-visual-stim/).
Behavioral regimen
Subjects were 16 Bcl-xL Nex-Cre (10 males and 6 females) and 19 wild-type controls (10 males and 9 females). Testing began when mice were ϳ6 -7 weeks of age. For each procedure, measures were taken by an observer blind to mouse genotype. Mice were tested in the following assays, with one or two tests per week: elevated plus maze, open field, rotarod, and Morris water maze.
Elevated plus maze. This test was used to assess anxiety-like behavior, based on a natural tendency of mice to actively explore a new environment versus a fear of being in an open area. Mice were given one 5-min trial on the plus maze, which had two walled arms (the closed arms, 20 cm in height) and two open arms. The maze was elevated 50 cm from the floor, and the arms were 30 cm long. Mice were placed on the center section (8 ϫ 8 cm) and allowed to freely explore the maze. Measures were taken of percentage time spent in the open arms and percentage entries into the open arms. The total number of entries was used as an index for activity during the test.
Open-field test. Exploratory activity in a novel environment was assessed by a 60 min trial in an open-field chamber (41 ϫ 41 ϫ 30 cm) crossed by a grid of photobeams (VersaMax system; AccuScan Instruments). Counts were taken of the number of photobeams broken during the trial in 5 min intervals, with measures for total distance traveled, rearing movements, and time spent in the center region.
Rotarod. Subjects were tested for motor coordination and learning on an accelerating rotarod (Ugo Basile, Stoelting). For the first test session, animals were given three trials, with 45 s between each trial. Two additional trials were given 48 h later. Revolutions per minute was set at an initial value of 3, with a progressive increase to a maximum of 30 rpm across 5 min (the maximum trial length). Measures were taken for latency to fall from the top of the rotating barrel.
Morris water maze. The visible platform task was used to assess swimming ability and visual function. The water maze consisted of a large circular pool (122 cm diameter) partially filled with water (45 cm deep, 24 -26°C), located in a room with numerous visual cues. Each mouse was given four trials per day, across 3 d, to swim to an escape platform cued by a patterned cylinder extending above the surface of the water. For each trial, the mouse was placed in the pool at one of four possible locations (randomly ordered) and then given 60 s to find the visible platform. If the mouse found the platform, the trial ended, and the animal was allowed to remain 10 s on the platform before the next trial began. If the platform was not found, the mouse was placed on the platform for 10 s and then given the next trial. Measures were taken of latency to find the platform, swimming speed, and swimming distance via an automated tracking system (EthoVision; Noldus).
Hargreaves assay. Heat sensitivity was measured by heating each hindpaw once per day using the Plantar Test apparatus (IITC) with a cutoff time of 20 s. Ten Bcl-xL Nex-Cre (5 males and 5 females) and 10 wild-type controls (5 males and 5 females) were tested in this assay.
Immunohistochemistry
For immunohistochemistry (IHC) experiments, mice were anesthetized using isoflurane and transcardially perfused with 4% paraformaldehyde. The mice were then decapitated, and the brains were postfixed in 4% paraformaldehyde overnight. All of the stained sections were obtained from identical regions of the brain that were carefully selected based on structural and anatomical landmarks. Paraffin-embedded sections were used for hematoxylin-eosin, cleaved caspase-3 (catalog #CP229C, Biocare Medical), NeuN (catalog #MAB377, Millipore), Bcl-xL (catalog #2764, Cell Signaling Technology), proliferating nuclear antigen (catalog #2586, Cell Signaling Technology), RFP (catalog #600-401-379, Rockland Immunochemicals), Bax (catalog #AF820, R&D Systems), and Bak (catalog #12105, Cell Signaling Technology). Briefly, IHC was performed in the Bond Autostainer (Leica). Slides were dewaxed in Bond Dewax solution ( part #AR9222; Leica) and hydrated in Bond Wash solution (catalog #AR9590; Leica). Antigen retrieval was performed for 30 min at 100°C in Bond-Epitope Retrieval solution 1 pH 6.0 (catalog #AR9961; Leica). Slides were incubated with the primary antibodies for 1 h. DAPI or hematoxylin was used as a nuclear stain. Antibody detection was performed using the Bond Polymer Refine Detection System (catalog #DS9800; Leica). Stained slides were dehydrated and coverslipped. Representative images are obtained from independent experiments, done at least in triplicate.
For all other stains, wild-type and Bcl-xL-deficient brains were embedded in 4% low-melting-point agarose in 1ϫ PBS and were sectioned coronally (50 m) on a vibratome (VT 1200S; Leica). The following antibodies were used for IHC on vibratome sections: cleaved caspase-3 (catalog #9664; Cell Signaling Technology), Cux1 (catalog #sc-13024; Santa Cruz Biotechnology), Brn1 (kind gift from A. Ryan, McGill University, Montreal, Quebec, Canada), Tbr1 (catalog #ab31940; Abcam), and NeuN (catalog #MAB377; Millipore). Appropriate anti-mouse, antirabbit, anti-rat, or anti-guinea pig secondary antibodies were used to detect primary antibody binding. DAPI was used as a nuclear stain. Representative images are obtained from independent experiments, done at least in triplicate.
Statistics
Statistical analyses were performed using GraphPad Prism 5 or Statview 5.0.1 (SAS) software. Ex vivo data are obtained from at least three independent experiments and expressed as mean Ϯ SEM unless otherwise specified. The Student's t test (unpaired, two-tailed) for parametric data was used for analysis of two groups. Behavioral data were analyzed using one-way, two-way, or repeated-measures ANOVAs, with the factors genotype and sex. Fisher's protected least-significant difference tests were used for comparing group means only when a significant F value was determined. No statistical methods were used to predetermine sample sizes, but our sample sizes are consistent with those reported in previous publications.
Results
Bcl-xL deletion leads to cell death of newly differentiated neurons
Mice globally deleted for Bcl-xL are embryonic lethal at E13.5 (Motoyama et al., 1995) . Although Bcl-xL is known to regulate apoptosis in neurons, its essential role in the survival of hematopoietic cells precluded studies that could identify the precise function of Bcl-xL in the nervous system. To critically examine the role of Bcl-xL in the developing brain, we generated conditional knock-outs by crossing mice floxed for Bcl-xL with Emx1-Cre mice (Bcl-xL loxP/loxP ;Emx1-Cre, hereafter referred to as Bcl-xL Emx1-Cr e ). To confirm that Emx1-Cre induces recombination in the NPCs of the dorsal telencephalon (Gorski et al., 2002) , we also generated Emx1-Cre;rosa26reporter-tdTomato mice. As expected, there is robust expression of tdTomato in the dorsal telencephalon at E12.5 ( Fig. 1A) . Our results show that Bcl-xL expression is lost throughout all layers of the cortex in the Bcl-xL Emx1-Cre mice (Fig. 1B) . A few neurons, including some excitatory projection neurons and interneurons, continue to exhibit Bcl-xL immunoreactivity, because Emx1-Cre is known to induce recombination at an efficiency of ϳ88% in the cortex and does not induce recombination in interneurons (Gorski et al., 2002; Fig. 1B) .
In contrast to mice globally deleted for Bcl-xL, Bcl-xL Emx1-Cre mice were born at the expected Mendelian ratio and appeared normal at postnatal day 1 (P1; Fig. 1C ). At P1, the brains of Bcl-xL Emx1-Cre mice also appeared similar to those of wild-type mice, and there was no difference in the brain weights between the two genotypes ( Fig. 1 D, E) . However, by P25, although Bcl-xL Emx1-Cre mice remained grossly normal, examination of their brains revealed profound microcephaly ( Fig. 1F-H ) . From P1 to P30, Bcl-xL Emx1-Cre mice also exhibited a significant reduction in the cortical thickness, and the number of NeuN-positive cells throughout the cortex at P30 was markedly reduced in the Bcl-xL Emx1-Cre mice ( Fig. 2A-G) .
The fact that the deletion of Bcl-xL in the developing brain did not result in embryonic lethality prompted us to examine Bcl-xL expression in the developing brain. Contrary to our expectation that Bcl-xL is expressed throughout the brain, we found that the expression of Bcl-xL was significantly higher in the nonproliferating cells of the cortex compared with the proliferating progenitors in the subventricular zone ( Fig. 3A-C) . To determine whether the microcephaly observed in Bcl-xL Emx1-Cre mice postnatally was attributable to increased apoptosis, we probed the brains for cleaved caspase-3 at multiple time points (E16, P1). Consistent with the expression patterns of Bcl-xL throughout the brain, cell death in the Bcl-xL-deficient embryonic brain occurred primarily in the NeuN-positive differentiated neurons, whereas the proliferating (PCNA-positive) progenitors were mostly spared ( Fig. 3D-H ) . Even more striking, we found that deletion of Bcl-xL induces cell death and formation of pyknotic nuclei predominantly at P1 in the cortex of the postnatal brain ( Fig. 4A-D) . Analysis of the hippocampus also showed extensive cell death in the CA1-CA3 regions of Bcl-xL Emx1-Cre mice at P1 ( Fig. 4 E, F ). Thus, consistent with its pattern of expression, deletion of Bcl-xL selectively affects the postmitotic neurons rather than their proliferating progenitors.
Bcl-xL deficiency induces cell death predominantly in upper layer cortical neurons and results in a significantly smaller but functional visual cortex
Because the majority of cells that are undergoing apoptosis in Bcl-xL Emx1-Cre mice at P1 are located in the upper regions of the cortex, we investigated the specific neuronal layers that are affected most by Bcl-xL deficiency. By P30, the Bcl-xL Emx1-Cre mice had a significant reduction in the number of Cux1 ϩ cells in layers II/III and Brn1 ϩ cells in layers II-IV of the cortex (Fig. 4G-J ) . Although deeper layer Tbr1 ϩ neurons also underwent cell death in Bcl-xL Emx1-Cre mice ( Fig. 4 K, L) , cell death was more prominent in the upper layer cortical neurons.
To examine the physiological relevance of loss of Bcl-xL in the brain, we focused on the V1 as a marker for structural and functional organization of the cortex (Fig. 5A) . Surprisingly, despite the significant reduction in layers II-IV of the cortex, in vivo imaging of visual responses to a white bar moving in either a horizontal or vertical direction revealed a functional and retinotopically organized visual cortex in Bcl-xL Emx1-Cre mice (Fig. 5B) . Additional tests using a vertical grating patch found that, although the neurons appeared to be wired in a topographically correct manner, the size of the visual cortex as measured by the whole V1 area as well as the area representing a 50°diameter portion of visual space were both significantly smaller in Bcl-xL Emx1-Cre mice compared with their wild-type littermates ( Fig. 5B-D) . In fact, as a consequence of the reduced size of the visual cortex, the underlying superior colliculus was fully exposed (Fig. 5A ). Thus, we were able to image the retinotopic organization of the superior colliculus within the same field of view that contained the visual cortex in the Bcl-xL Emx1-Cre mice (Fig. 5B ). Together, these results highlight the importance of Bcl-xL in maintaining the survival of upper layer neurons, the loss of which led to markedly smaller, yet functional, areas of cortical retinotopy.
Neuronal death induced by Bcl-xL deficiency is rescued with codeletion of Bax and Bak
The test this, we crossed Bcl-xL Emx1-Cre mice with Bax loxP/loxP ;Bak Ϫ/Ϫ mice to generate Bax loxP/loxP ;Bcl-xL loxP/loxP ;Emx1-Cre;Bak Ϫ/Ϫ triple knock-out mice (triple knock-outs hereafter referred to as BBB TKOs). First, we confirmed that Bcl-xL and Bax underwent recombination in these mice (Fig. 6A,B) . Bak, which is known to be minimally expressed in postmitotic neurons in the brain (Krajewski et al., 1996) , is globally deleted in the BBB TKO mice (Fig. 6C) . BBB TKOs were born at the expected Mendelian ratio and appeared nor- mal at birth (data not shown). More importantly, the apoptotic cell death observed in Bcl-xL Emx1-Cre mice was completely rescued in P1 BBB TKO mice (Fig. 6D,E) . As a result, the cortical thickness and neuronal numbers at P30 were completely restored in these triple knock-out mice (Fig. 6F-J) . Together, these findings show that the neuronal death observed in the brains of Bcl-xL Emx1-Cre mice can be rescued with deletion of Bax and Bak.
Deletion of Bcl-xL in postmitotic neurons leads to selective neuronal death in the upper layers of the cortex
Our results show that inducing deletion of Bcl-xL in the NPCs of the dorsal telencephalon leads to the death of mainly postmitotic neurons in the early postnatal animal. To specifically investigate the role of Bcl-xL deletion in postmitotic neurons throughout the brain, we used the Nex-Cre mouse model. Nex-Cre directs recombination in the postmitotic neurons at E13.5 and spares recombination in neuronal progenitors (Goebbels et al., 2006) . Bcl-xL loxP/loxP ;Nex-Cre mice (Bcl-xL Nex-Cre ), similar to Bcl-xL Emx1-Cre mice, were born at the expected Mendelian ratio. Interestingly, Bcl-xL Nex-Cre mice displayed smaller body weights at P30 ( Fig. 7 A, B) . The brains of Bcl-xL Nex-Cre mice were also smaller compared with their wild-type littermate controls (Fig.  7C,D) . Importantly, deletion of Bcl-xL in postmitotic neurons in Bcl-xL Nex-Cre mice still resulted in a cell death phenotype in the brain that was similar to what was observed in the Bcl-xL Emx1-Cre mice, with significantly increased cleaved caspase-3 staining in the upper cortical layers at P1 (Fig. 7 E, F ) . Together, our results from both the Bcl-xL Emx1-Cre and Bcl-xL Nex-Cre mice show that the loss of Bcl-xL does not cause widespread apoptosis in the developing brain but instead results in the loss of postmitotic neurons in the upper regions of the cortex during the early postnatal stages.
Loss of Bcl-xL-dependent neurons results in deficits in motor learning, hyperactivity, and increased risk-taking and selfinjurious behaviors
To determine the functional consequence of Bcl-xL deletion in postmitotic neurons, we conducted neurobehavioral assessments of wild-type and Bcl-xL Nex-Cre mice starting at P30. A 3 min tail suspension test revealed that, whereas wild-type mice exhibited the characteristic flailing of their hindlimbs, Bcl-xL Nex-Cre mice displayed hindlimb clasping, an indicator of generalized neurological dysfunction ( Fig. 8 A, B) . The Bcl-xL Nex-Cre mice also displayed self-injurious behavior. Persistent skin lesions in their hindlimbs, chest, neck, and other areas began to appear ϳ1 month after birth and were observed in ϳ50% of these mice (Fig. 8C) . These lesions were not a result of fighting with cage mates, because Bcl-xL Nex-Cre mice housed alone also developed these lesions. Analysis of grooming behavior revealed that male Bcl-xL Nex-Cre mice spent significantly more time grooming compared with wild-type controls (Fig. 8D) . Male Bcl-xL Nex-Cre mice also displayed an altered sensation to pain, because they were significantly more insensitive to noxious heat stimuli on the Hargreaves test (Fig. 8E) .
In a multitest behavioral regimen, both male and female Bcl-xL Nex-Cre mice displayed increased locomotor activity in the open-field test without changes in rearing movements or time spent in the center region ( Fig. 9A-C) . Interestingly, male Bcl-xL Nex-Cre mice also displayed significantly increased risktaking behavior because they spent more time in the open arms of the elevated plus maze, suggesting a loss of typical cautionary avoidance of the open areas ( Fig. 9 D, E) . The total number of entries in the elevated plus maze was not altered in the knock-out mice, indicating that the increased risk-taking behavior in the male Bcl-xL Nex-Cre mice could not be attributed to general hyperactivity during the test (Fig. 9F ) .
In contrast to the intact ability for locomotion and rearing movements, the Bcl-xL Nex-Cre knock-out mice had profound deficits in motor coordination on an accelerating rotarod. The Bcl-xL Nex-Cre mice failed to show improvement across repeated trials, indicating impaired motor learning in the rotarod test (Fig.  9G) . A subset of Bcl-xL-deficient mice without skin lesions (8 of 16) was further evaluated in the Morris water maze task to determine the ability of mice to locate a visible escape platform. Although all of the wild-type mice demonstrated proficient learning in the visible platform test, Bcl-xL Nex-Cre knock-out mice had an overt impairment in reaching the escape platform, with only two Bcl-xL Nex-Cre mice meeting the 15 s criterion for learning across 3 d of testing ( Fig. 9 H, I ) . Together, these results show that Bcl-xL plays a critical role in postmitotic neuronal survival and that the Bcl-xL-dependent neurons control a variety of complex behaviors, the loss of which results in severe neurobehavioral abnormalities.
Discussion
In this study, we show that Bcl-xL is essential for maintaining the survival of specific neurons in the developing mammalian brain. Multiple anti-apoptotic Bcl-2 proteins are expressed at high levels during this period, and they are generally considered to have redundant functions to prevent cell death. However, we demonstrate that the regulation of apoptosis in the developing brain is more nuanced whereby neurons become dependent on Bcl-xL in a specific spatial and temporal context. Loss of Bcl-xL in the rapidly proliferating NPCs does not affect their survival, a finding that is consistent with the observation that Bcl-xL is minimally expressed in these cells ( Fig. 3 B, C ; Motoyama et al., 1995; . However, neurons have high levels of Bcl-xL, and the differentiation of NPCs into neurons increases the susceptibility of these cells to cell death, a phenomenon that can be rescued with codeletion of the proapoptotic proteins Bax and Bak. Importantly, despite the high level of Bcl-xL expression in neurons throughout all layers of the cortex, loss of Bcl-xL did not induce apoptosis in all neurons. Instead, only a subset of neurons, especially those in the upper layers of the cortex, was critically dependent on Bcl-xL. Conditional deletion of Bcl-xL selectively in the postmitotic neurons led to a similar cell death phenotype and resulted in a variety of neurobehavioral consequences in the animal, including deficits in motor learning, self-inflicted injury, and hyperactivity. These results show that the loss of Bcl-xL in the developing brain does not result in widespread apoptosis and neurodegeneration.
Indeed, these mice survive and maintain basic brain functions (e.g., ambulation, breathing, reproduction). Instead, Bcl-xL appears to be most critical to regulate the survival and function of postmitotic neurons during the period of high-level associative connectivity that is essential for the refinement of complex behaviors during mammalian brain development. Interestingly, our results reveal that body weight is also regulated by Bcl-xLdependent neurons. Whether this is a consequence of the loss of Bcl-xL-expressing neurons in the hypothalamus that regulate appetite and feeding behavior remains to be determined.
Embryonic and early postnatal brain development are dynamic processes characterized by rapid proliferation of NPCs, their differentiation into postmitotic neurons, migration of neurons to their final destinations, and establishment of proper synaptic connections. The period of mammalian brain development is also extensively regulated by apoptosis. The importance of physiological cell death is highlighted by the fact that deletion of proapoptotic genes during rapid NPC division leads to hyperproliferation of these cells, resulting in enlarged and abnormal brains and embryonic or perinatal lethality Cecconi et al., 1998; Woo et al., 1998; . Despite multiple redundancies in the anti-apoptotic Bcl-2 proteins (including Bcl-2, Bcl-xL, Mcl-1, and Bcl-w), deletion of these anti-apoptotic genes also has consequences; however, the phenotypes of mice deficient in each of these antiapoptotic proteins do not overlap. For example, although Bcl-2 is expressed at high levels in the brains of both embryonic and adult mice (Merry et al., 1994; Davies 1995) , deletion of Bcl-2 leads to normal embryonic development of the CNS. Only after postnatal development do Bcl-2-deficient mice begin to exhibit abnormalities, including the degeneration of various populations of PNS neurons (Michaelidis et al., 1996) and the appearance of gray hair and polycystic kidney disease (Veis et al., 1993; Nakayama et al., 1994) . The expression of Bcl-w, an anti-apoptotic protein involved in axon maintenance, increases during postnatal development and is expressed at high levels in the adult brain. Deletion of Bcl-w results in a viable yet smaller animal during the early postnatal stages; although the adult mice appear normal, the male knock-outs are sterile as a result of testicular degeneration (Ross et al., 1998) . Mcl-1 has also been shown to be critical for the developing nervous system, whereby this gene is highly expressed in both the rapidly proliferating NPCs as well as in the newly born neurons of the telencephalon. Conditional deletion of Mcl-1 specifically in the neural progenitors of the CNS resulted in embryos with a significantly reduced size in the telencephalon (Arbour et al., 2008) as a result of extensive cell death in the NPCs and immature neurons of the cortical plate. Bcl-xL-deficient mice are embryonic lethal at E13.5, with prominent cell death in the hematopoietic and nervous systems. Although this early lethality precluded any functional characterization of the Bcl-xL-deficient mice, increased cell death was observed in the neurons of the developing telencephalon of Bcl-xL-deficient mice. Conditional deletion of Bcl-xL in the catecholaminergic neurons also results in increased cell death (Savitt et al., 2005) . These results are consistent with the observation that Bcl-xL is highly expressed in the intermediate and marginal zones containing postmitotic neurons but is excluded from the rapidly proliferating cells of the ventricular zone (Motoyama et al., 1995; . Interestingly, recent studies have also identified non-apoptotic functions of Bcl-xL in neurons. Specifically, Bcl-xL increases neurite outgrowth (Kretz et al., 2004; Park et al., 2015) and enhances the synaptic activity of postmitotic neurons in the adult brain by regulating mitochondrial membrane conductance Li et al., 2008 Li et al., , 2013 . Thus, the increased neuronal death seen with Bcl-xL deficiency could either be a direct consequence of Bcl-xL deletion leading to apoptosis or an indirect consequence of Bcl-xL loss causing neuronal dysfunction via the inability of neurons to promote neurite outgrowth and maintain synaptic activity.
Importantly, although the conditional deletion of Bcl-xL with Emx1-Cre induces recombination in neural progenitors of the telencephalon (Gorski et al., 2002) , our finding that upper layer cortical neurons are more susceptible to undergoing cell death with loss of Bcl-xL suggests that there is selectivity in triggering cell death among cortical neurons. The upper layer cortical neurons are known to be expanded during primate evolution, and defects in their function are associated with psychiatric disorders, such as autism spectrum disorders (Fang et al., 2014) . Interestingly, many of the behavioral deficits, including measures for anxiety-like behavior with the elevated plus maze and rotarod, were more severe in male Bcl-xL Nex-Cre mice compared with the females. Overall, our results, which show that the loss of these neurons leads to neurobehavioral deficits with gender differences, point to the critical importance of Bcl-xL-dependent neurons in the establishment of complex behaviors.
